The purpose of the study was to determine the cytotoxicity of commercial silver, gold, and copper nanocolloids towards two established cell lines (NIH/3T3 and GMK) and primary chick embryo cell culture (CECC), using routine colorimetric assays: MTT, NRU, and LDH, which enable a preliminary evaluation of the mechanism of cytotoxic effect of the tested substances. The MTT assay evaluates the activity of mitochondria, NRU assay reveals the damage to lysosomes, while LDH assay shows injuries to the cytoplasmic membrane. The NRU assay proved to be non-applicable to the tested nanocolloids, most probably due to the interaction of nanoparticles with neutral red dye, which affected the colorimetric reaction. The MTT assay was more sensitive than LDH because the intercellular effect of a substance occurs before permanent damage to the cytoplasmic membrane. Silver nanocolloid was distinguished by the highest cytotoxicity, ir respective of the applied cell model, although the other two metals showed some cytotoxic effects as well, with gold nanocolloid being more toxic than copper one. Although the primary chick embryo cell culture, as a model reflecting more faithfully the con ditions in a living organism than continuous cell lines, was undistinguished by elevated tolerance to the most toxic silver nanocolloid, it showe d the tendency to recovery from the growth suppression with longer exposure after the application of less toxic gold and copper nanocolloids.
Introduction
Nanotechnology is the branch of science which deals with the production and practical application of structures from 1 to 100 nm in size. Small dimensions of nanoparticles increase their surface-to-volume ratio and the number of surface-exposed atoms, which greatly improves their reactivity and creates unique physicochemical properties of nanomaterials compared to bulk ones (23) . Silver and copper nanoparticles are among the most popular nanomaterials owing to their disinfectant properties. Gold nanoparticles have numerous biomedical applications, including biosensing, biological imaging, and targeted delivery of anticancer drugs (7, 9, 10, 15, 20, 21, 29) . Moreover, all these metals, in the form of nanocolloids, are used in unconventional medicine, while silver and copper nanoparticles are being tested as possible feed additives in the rearing of swine and poultry (2, 14, 16) . The increasingly widespread use of nanomaterials raises the risk of exposure of living organisms to the effect of these substances. Small dimensions of nanoparticles facilitate their penetration through biological barriers, while their elevated oxidative and catalytic activities have an impact on interactions with cells. There is a growing body of research on nanoparticles, especially silver ones, which provides evidence of their cytotoxicity to various types of cells, based on the ability of nanoparticles to penetrate into cells, their ionisation and, consequently, the stimulation of oxidant stress, followed by cell apoptosis or necrosis (3, 6, 13, 17-19, 24, 25) .
The aim of this study was to determine the cytotoxicity of commercial nanocolloids of silver, gold, and copper, recommended by the producer for both external applications (as antimicrobials) and as dietary supplements (immunomodulators), towards two established cell lines (NIH/3T3 and GMK) and a primary chick embryo cell culture (CECC). The NIH/3T3 cell line (mouse embryonic fibroblasts) is known to be very sensitive to nanomaterials (8, 9 ) and the GMK cell line (green monkey kidney epithelial cells) is widely used in microbiology and virology. The CECC culture was chosen because primary cell cultures, being a better representative of organism's tissues, are also a superior model in in vitro toxicological investigations to continuous lines (3, 4) . The cytotoxicity of nanocolloids was determined with the routine colorimetric assays: MTT, NRU, and LDH, which enable a preliminary evaluation of the mechanisms of cytotoxicity induced by the tested substance. The MTT reduction assay evaluates the viability of cells according to the enzymatic activity of their mitochondria. MTT dye is a water soluble tetrazolium salt converted to insoluble formazan by mitochondrial dehydrogenase. Formazan does not penetrate through cellular membranes and is accumulated inside intact cells, enabling to estimate the degree of damage to mitochondria (22) . The results of the NRU assay (neutral red uptake) indicate the damage to lysosomes because only living cells absorb neutral red and accumulate it in lysosomes (5). Finally, the LDH leakage assay determines the damage to cellular membranes by measuring the activity of lactate dehydrogenase in the extracellular medium. The release of intracellular LDH to the culture medium is a measure of the cell death due to an irreversible damage to its cellular membrane (12) . The investigated nanocolloids, although claimed by the producer to be completely safe for both humans and animals, had not been tested before towards their cytotoxicity.
Material and Methods
Metal-based nanocolloids. Three commercially available colloidal nonionic solutions of silver, gold, and copper nanoparticles (AgNPs, AuNPs, CuNPs), called by the producer "Silver water," "Gold water," and "Copper water" (Nano-Tech, Poland), containing metallic nanoparticles (Ag: 10-20 nm, Au and Cu: up to 5 nm), suspended in demineralised water, at a concentration of 50 ppm, were used as a source of nanoparticles. Just before the use the nanocolloids were dissolved in a cell growth medium to reach the final concentrations of: 0, 0.15, 0.3, 0.6, 0.9, 1.25, 2.5, and 5 ppm (silver) or 0, 1.25, 2.5, 5, 7.5, 10, 15, and 20 ppm (gold and copper).
Cell cultures. Three cell cultures were used in the study: mouse embryonic fibroblast (NIH/3T3, ATCC CRL-1658, LGC Standards, Poland), green monkey kidney epithelial cells (GMK, BIOMED Lublin, Poland), and primary chick embryo cell culture (CECC), prepared from 10-day-old chicken embryos according to routine procedure. NIH/3T3 cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) and the two other cell types in Minimum Essential medium eagle (MEM). All media were supplemented with 10% of foetal calf serum (FCS), 100 units/mL of penicillin, and 50 µg/mL of streptomycin. All cell culture reagents were purchased from Sigma-Aldrich. Cells were maintained at 37ºC in a humidified atmosphere of 5% CO2. For the MTT, NRU, and LDH assays, the cells were seeded onto 96-well plates (Nunc, Denmark) at a density of 1 × 10 5 (NIH/3T3) or 2 × 10 5 (GMK and CECC) cells/mL. After 24 h of incubation, the cells were treated with serum-free media supplemented with silver, gold or copper nanocolloids within a range of concentrations from 0 to 5 ppm (silver), or 20 ppm (gold and copper) for 1, 6, 24, 48, and 72 h (MTT and NRU assays), or 1, 6, and 24 h (LDH assay).
MTT assay. The MTT reduction colorimetric assay was performed according to protocol described by Mossmann (22) with some modifications. In brief, after the incubation, the nanocolloid supplemented media were replaced with fresh serum free media containing 0.7 mg/mL of MTT (3-(4, 5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma -Aldrich) and the cells were incubated for the next 3 h at 37ºC. Next, the cells were washed with PBS and 100 µL of DMSO (dimethylsulfoxide, POCh, Poland) were added to each well. After 10 min of gentle shaking, when complete dissolution was achieved, the optical density was measured at a wavelength of 570 nm with 640 nm as a reference wavelength using the Sunrise Absorbance Reader (Tecan, Austria). The viability of treated cells was expressed as the percentage of the control cells viability. The results are presented as mean ± S.D. EC50 values were calculated using the ED50 Plus v 1.0 online software.
Neutral red uptake (NRU) assay. The NRU colorimetric assay was performed using a commercially available kit from Sigma-Aldrich (TOX-4), according to manufacturer's instruction. Following exposure to nanocolloids, the cells were incubated for 3 h with neutral red dye dissolved in serum free media (0.033%). At the end of the incubation, the medium was carefully removed and the cells were washed with PBS. Afterwards, 100 µL of solubilisation solution (1% acetic acid in 50% ethanol) were added to each well and the cells were incubated for 10 min at room temperature. After gentle shaking, the absorbance was measured at a wavelength of 540 nm with 690 nm as a reference wavelength using the Sunrise Absorbance Reader (Tecan, Austria).
LDH leakage assay. The lactate dehydrogenase (LDH) leakage colorimetric assay was performed using a commercially available kit from SigmaAldrich (TOX-7), according to manufacturer's instruction. Following exposure to nanocolloids, the total LDH content (LDH content in media after cell lysing) as well as LDH release (LDH content in cellfree culture media) were measured in the assay. Aliquots of media and LDH assay mixture were mixed in a 96-well plate, protected from light, and incubated at room temperature for 20-30 min. Afterwards, the enzymatic reaction was stopped by the addition of 1N HCl and the absorbance was measured at a wavelength of 490 nm with 690 nm as a reference wavelength using the Sunrise Absorbance Reader (Tecan, Austria). The data are expressed as percentage of control and the results are presented as mean ±S.D.
Statistical analysis. All experiments were performed in duplicates on at least three separate occasions. The data were analysed statistically by one-way ANOVA. Bonferroni's post-test was used to determine differences between groups. Statistical evaluation of the results was performed using GraphPad Prism software package.
Results
Neutral red uptake (NRU) assay. The NRU assay proved to be non-applicable to the tested nanocolloids. Silver nanocolloid changed the colour of neutral red dye to bright orange which led to a substantial increase in absorbance compared to the control cells starting from 1 h incubation. As for the other two metals, although the colour remained unchanged, the absorbance of the tested cells was on a considerably higher level than that of the control cells (data not shown).
Cytotoxicity of silver nanocolloid. The MTT reduction assay showed higher toxicity of silver nanocolloid than the LDH assay. Despite some differences in the sensitivity of individual cell types to the effect of AgNPs, the EC50 values were similar and oscillated around 1 ppm (Table 1) . Starting from the first hour of incubation, the concentrations of 0.625 ppm significantly decreased the viability of CECC cells (P < 0.001), and the toxicity level towards this cell culture remained on an almost unchanged level until the test was terminated (Fig. 1C) . Mouse fibroblasts (NIH/3T3) were slightly less sensitive. After 1 h of incubation, the viability of cells was significantly decreased by 1.25 ppm and higher (P < 0.001), and this effect was aggravated with time ( Fig. 1A) . From 48 h of incubation, analogously to the CECC culture, concentrations from 0.625 ppm were toxic (data not shown). The kidney cells were the least sensitive ones. After 1 h incubation, a significant decline in the viability of GMK cells (P < 0.001) was observed at the concentrations of 2.5 ppm and higher. Similarly to the NIH/3T3 line, this effect intensified with time (Fig. 1B) and after 72 h of incubation, a significant decrease in the viability of cells occurred in response to concentrations from 0.9 ppm (data not shown). Irrespective of the culture used, low AgNP concentrations produced a proliferative effect after 24 and 48 h of incubation -0.15 ppm (P < 0.001) on NH/3T3 and CECC cells (Fig. 1A and C) , while 0.3 ppm (P < 0.05) on GMK cells (Fig. 1B) .
The LDH assay also showed the highest sensitivity of CECC cells. After 1 h incubation, a significant LDH leakage from cells (P < 0.001) was caused by the concentrations of 1.25 ppm and higher, while the concentrations from 0.625 ppm were toxic after 6 h incubation (Fig. 1C') . Regarding the NIH/3T3 line, a significant effect of AgNPs after 1 h incubation was observed from the concentration of 1.25 ppm (P < 0.01) upwards, although the effect was more pronounced as the incubation continued, and the lowest toxic concentration after 24 h incubation was 0.9 ppm (Fig. 1A') . For the GMK line similarly to the MTT assay, higher concentrations of 2.5 ppm and above (P < 0.001) were toxic (Fig. 1B') .
Cytotoxicity of gold nanocolloid. The MTT assay showed a considerable decrease in the viability of the GMK line cells after 6 h incubation at the concentrations of nanogold equal to 10 ppm or higher (P < 0.01). After 72 h incubation, the cytotoxic effect was produced by the concentrations of 7.5 to 20 ppm (Fig. 2B) . However, none of the concentrations caused a loss of cell viability by 50% and more, making it impossible to calculate the EC50 values (Table 1 ). In the CECC culture, recovery of cells was observed at lower concentrations of AuNPs at longer incubation time. Namely, there was a significant cell viability decrease after 1 h incubation at the concentrations of 7.5 to 10 ppm, after 6 h incubation -at 10 to 20 ppm and after 24 h incubation and longer -only at the highest two concentrations: 15 and 20 ppm (P < 0.01) (Fig. 2C) . With respect to the NIH/3T3 line, depressed cell viability was already noted after 1 h of incubation, but up until 24 h the decrease was caused only by the concentration of 20 ppm (P < 0.01), and from 48 h incubation onwards -by the two highest concentrations (P < 0.01) ( Fig. 2A) . Eventually, the NIH/3T3 line proved to be more sensitive than CECC cells, which was confirmed by the EC50 values after 72 h incubation ( Table 1) .
The release of LDH from cells increased as the incubation continued, irrespective of the culture used for the assays. In the NIH/3T3 line, a significant increase relative to the control was observed after 1 h incubation only at the highest concentration (P < 0.05), but after 6 h incubation and later it was also induced by the second highest concentration (15 ppm at P < 0.01 and 20 ppm at P < 0.001) ( Fig. 2A') . The LDH release increased significantly after 1 h incubation at the concentration of 20 ppm (P < 0.01) and after 24 h at 7.5 to 20 ppm (7.5 ppm at P < 0.01 and the other concentrations at P < 0.001) (Fig. 2B') in the GMK line, whereas in the CECC culture after 1 to 6 h at the concentrations of 15 to 20 ppm, and after 24 h at 10 to 20 ppm (10 ppm at P < 0.05, the other concentrations at P < 0.001) (Fig. 2C') .
Cytotoxicity of copper nanocolloid. The cytotoxic effect of copper colloid towards the NIH/3T3 line was observed in both tests only at the highest analysed concentration and after the longest incubation time (P < 0.01). At the same time, after 72 h incubation, the concentrations of 2.5 and 5 ppm were found to have a proliferative effect (P < 0.001) (Fig. 3A and Fig. 3A') . With respect to the CECC culture in the MTT assay, the same as in the case of gold colloid, cell recovery was observed at prolonged incubation. A decrease in cell viability, noticed until the 6th h of incubation at the concentrations of 15 and 20 ppm, was observable after 24 h incubation only in response to 20 ppm (P < 0.01), and none of the applied concentrations had a significant effect on cell viability after 72 h incubation (Fig. 3C) . None of the examined CuNP concentrations increased the LDH release from CECC cells (Fig. 3C') . Regarding both NIH/3T3 and CECC cell cultures, the viability losses demonstrated by the MTT assay did not allow to determine the EC50 values regardless of the incubation time ( Table 1) .
The GMK line was distinguished by the highest sensitivity to the adverse influence of copper nanocolloid. In both assays, this effect was proportional to the duration of incubation. A decrease in the cell viability detected by the MTT assay after 6-24 h incubation was noted at the concentrations of 10 to 20 ppm (Fig. 3B) , after 48 h at 7.5 to 20 ppm (data not shown), and after 72 h at 5-20 ppm (P < 0.001) (Fig. 3B) . However, it was not until the 72 nd h of incubation that the cytotoxic effect of this nanocolloid was strong enough to enable the derivation of the EC50 values (Table 1 ). In the LDH assay after 1 h incubation, an increase in the LDH release was caused solely by the highest dose, whereas starting from the 6 th h of incubation the concentrations of 2.5 to 20 ppm became toxic (Fig. 3B') . Fig. 1. -3 .: Differences statistically significant in comparison to control cells (0 ppm) at *-P < 0.05 **-P < 0.0167 *** -P < 0.001 
Discussion
As expected, differences were observed in the degree of toxicity of particular nanocolloids in the sensitivity of the different types of cells and in the sensitivity of the analytical methods.
The fact that the NRU assay proved to be nonapplicable is not surprising in the light of some previous reports on certain limitations of colorimetric assays in research on toxicity of nanomaterials. Interactions of NPs with assay compounds, affecting the colorimetric reaction, have been described, e.g. carbon nanotubes reacting with dyes (MTT, neutral red, WST-1 and Coomassie blue), whereas silver, copper and titanium dioxide may interact with LDH (8, 10, 20) . In our investigations it was possible to complete the LDH assay, similarly as in some other reports on the cytotoxicity of AgNPs (6, 19, 25) . In contrast, the elevated absorbance of cells under the influence of nanocolloids (especially silver one) in the NRU assay might have been caused by the interaction of nanoparticles with neutral red dye inside cell lysosomes, as this dye quickly accumulates in lysosomes of living cells. Nanoparticles also rapidly penetrate into cells and even though their presence has been described on the surface of cellular membranes, in the cytosol or inside mitochondria, the most common site of the accumulation of silver and gold nanoparticles are lysosomes of the cells (4, 10, 18, 24, 28) . The localisation of both neutral red dye and NPs inside lysosomes could have contributed to their interactions, especially since the acidic environment of the lysosomes favours ionisation of silver and copper nanoparticles, and ionic forms of these metals become highly reactive (24, 27) .
In turn, the toxicity of the analysed nanocolloids detected by the MTT was higher than that determined by the LDH assay for two reasons. First of all, such assays as MTT and NRU seem to be more sensitive in the early detection of cytotoxicity than LDH because the intracellular effect occurs prior to permanent cytoplasmic membrane damage. The other reason is the cytotoxic mechanism of metal-based nanoparticles, especially those based on silver and copper. These two metals, having invaded a cell, induce cytotoxicity by a Trojan-horse type mechanism, i.e. release ions after entering a cell, in the acid environment of lysosomes. This mechanism, which allows them to transgress a rather good evolutionary barrier of cells against heavy metal ions activity, generates reactive oxygen species (ROS) inside a cell, which is the major cause of oxidative stress and cell death by apoptosis or necrosis (24, 27) . The main target of such action are mitochondria, whose activity is evaluated by the MTT assay. With respect to nanosilver, the above mechanism of action has been described for established cell lines (HT-1080, A431, BRL3A, C18-4, NIH3T3, A10, HCT116, RAW264.7, L929), as well as primary cell cultures of human monocytes and hepatocytes of rainbow trout (3, 6, 13, 17-19, 24, 25) . In some other studies, similar to ours in that the parallel assays were conducted to evaluate the activity of mitochondria and integrity of cellular membranes, the effect of nanosilver on mitochondria was also stronger (6, 13, 19, 25) .
The high cytotoxicity of nanosilver, compared to the other nanocolloids, was another predictable finding, supported by the aforementioned studies. Moreover, other authors have reported that, as in our experiments, AgNPs sometimes had a proliferative effect. Agarwal et al. (1) found that low non-toxic doses of nanosilver stimulated the growth of mouse fibroblasts NIH/3T3, while Rosas-Hernandes et al. (26) observed the proliferative activity of nanosilver towards coronary endothelial cells (CEC), although in this case the effect was in reverse proportion to the applied concentration. In contrast, our results did not confirm the hypothesis by Arora et al. (4) about lesser sensitivity of primary cell cultures to nanosilver. These authors analysed the influence of AgNPs on primary cultures of mouse fibroblasts and hepatocytes, concluding that primary cells were able to tolerate much higher concentrations of nanosilver than the previously analysed continuous cell lines (3, 4) . In their study, the antioxidant defence of cells was able to protect them from the development of oxidative stress and irreversible damage, although nanosilver penetrated into the cells. However, in our research, primary chick embryo fibroblasts proved to be more sensitive than the tested established cell lines.
Of the other two nanocolloids, gold nanocolloid was more cytotoxic towards the tested cells. Although AuNPs are often considered to be inert and biocompatible, there are contradictory results concerning their toxicity. For instance, Farkas et al. (13) found that nanogold did not affect the metabolic activity and integrity of membranes of the primary culture of rainbow trout hepatocytes, despite the raised ROS level. Likewise, the cytotoxicity of AuNPs towards Balb/3T3 was low, despite documented changes in the cell morphology (10) . On the other hand, Yen et al. (28) demonstrated that gold NPs had a stronger cytotoxic effect towards mouse macrophages than silver NPs, while Cui et al. (11) proved that the toxicity of nanogold towards HeLa cells depended on the endocytosis of nanoparticles, stimulation of ROS synthesis, and a decreased mitochondrial membrane potential, in which nanogold was similar to nanosilver. The large-scale studies on the cytotoxicity of AuNPs, conducted by researchers from Taiwan on six different cell lines, including NIH/3T3 and Vero (green monkey kidney), demonstrated large differences in the degree of sensitivity between different cell types (8, 9) . The Vero cells, unlike the monkey kidney cells in our study, were the most sensitive ones, whereas the NIH/3T3 cells displayed some tendency to recover from the growth suppression with longer exposure. A similar trend was noted in the current study regarding primary chick embryo fibroblast.
The lowest degree of cytotoxicity towards NIH/T3T and CECC cells was shown by copper nanocolloid. This result had not been expected because CuNPs are much more reactive than AuNPs. Furthermore, copper is characterised, as nanosilver, by high solubility, a feature responsible for oxidative stress (27) , and copper dissolution takes place not only inside the cells. Karlsson et al (20) showed that CuNPs caused strong damage to the cytoplasmic membrane of lung epithelial cells A549 already after 1 h incubation, and this effect was attributed to a higher concentration of oxygen on the surface of the membrane, which facilitated the dissolution of CuNPs, their oxidation, and local production of H2O2, leading to changes in the membrane. The results described above may explain a rather high toxicity of copper nanocolloid towards GMK cells, particularly observed in the LDH reduction assay. However, what remains undetermined is why this cell line, the least sensitive to the effects produced by silver and gold nanocollois, was the most vulnerable with respect to nanocopper.
To conclude, silver nanocolloid showed much higher cytotoxicity than the other two nanometals, regardless of the tested cell model. Nonetheless, the other two metals also showed cytotoxic impact, and the undesirable influence of gold nanocolloid, contrary to the expectations, was stronger than that of copper nanocolloid. Although the primary chick embryo cell culture may be a cell model which imitates conditions found in a live organism more faithfully than established cell lines, it did not distinguish itself by an elevated tolerance to the most toxic silver metal. Nevertheless, it showed at least some tendency to recover from the growth suppression caused by longer exposure when less toxic colloids of gold or copper were applied.
